Alien invasive insect and mite species (AIS) represent a major challenge for agriculture, food production, and biodiversity in Africa. However, the lack of awareness and appreciation of AIS threats continues to hinder the development of appropriate policies and practices for their management in sub-Saharan Africa. The objectives of this review are to (1) provide a synthesis of current and future threats to food production and the economic impacts of AIS, (2) identify challenges to their management at national and regional levels, and (3) propose a strategy for a concerted pan-African response. The review identifies a total of 16 alien invasive insect and mite pests, affecting all categories of food crops, causing combined losses in excess of US$ 1 billion annually across Africa. Various models predict that AIS threats will continue to increase due to expansion of the geographic distribution and host range of existing invasions, thus threatening the already tenuous food situation on the continent. The review also reveals that only 16.7% of the countries have adequate border control procedures, while over 66.7% do not have comprehensive AIS management strategies. Therefore, we propose development of a pan-African strategy for effectively responding to AIS threats, and achieving the continental visions of free trade and collective food security. We recommend that biosecurity be considered as a food security intervention complementing yield improvement technologies, and implemented as a core element of national and regional strategies.
Introduction
Crop losses due to insects, mites, pathogens and weeds have been a major threat to incomes of rural families and to food security worldwide (Savary et al. 2019 ). An additional concern now is the threat of alien invasive species (AIS hereafter) to food security, agroecosystems and biodiversity (Early et al. 2016; Desneux et al. 2011; Paini et al. 2016; Savary et al. 2019; Turbelin et al. 2017; Waage et al. 2009; Wise et al. 2007) . A recent global analysis of 1297 invasive species, along with countries' main crops and routes of international trade, found that 11 out of the 20 countries most vulnerable to AIS in the world are located in Africa (Paini et al. 2016 ). Analysis of current global invasion patterns (Turbelin et al. 2017 ) also suggest that Africa is exposed to future IAS invasions. Newly established AIS may benefit from the absence of natural enemies in the invaded areas, sometimes resulting in damage that by far exceed that of native pests. Direct losses by AIS may reduce the availability and the stability of food systems at the national level (Savary et al. 2019) . AIS may also generate barriers to trade in agricultural commodities due to phytosanitary restrictions (or maximum residue limits for pesticides) imposed by importing countries (Gitonga et al. 2010) .
Many AISs affect food crops, including food crops that are indigenous to Africa including sorghum (Sorghum bicolor), pearl millets (Pennisetum glaucum) and hunger rice (Digitaria exilis), which provide staples or dietary complements for a large number of low-income consumers. Due to their ability to adapt to extreme environmental conditions, including marginal soils, African indigenous crops are an important Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12571-019-00930-1) contains supplementary material, which is available to authorized users.
contributor to food security (Tadele and Assefa 2012) . Indigenous African crops and introduced crops, such as maize (Zea mays) or cassava (Manihot esculenta) are both exposed to AISs, however. Existing analyses of AISs as crop pests (Day et al. 2017; De Meyer et al. 2014; Desneux et al. 2011; Pratt et al. 2017 ) have also focussed on either selected pest or pathogen species affecting one of the staple crops, or a particular region of the world. Substantial reviews and syntheses are also lacking for Africa, where the awareness of the threats of AISs to food security is very limited. Therefore, the objectives of this review are to (1) provide an overview of current and future threats to food production and the economic costs of AISs with a focus on insect and mite species, (2) identify challenges to their management at national and regional levels, and (3) propose a strategy for a concerted panAfrican response. The aim of this review is to highlight the threats of AIS to food production and bring forward the need for a coherent strategy for their management to the attention of policy-makers, development agencies and pest management practitioners.
Methods
We undertook a search of global databases and reviewed the literature to identify alien invasive insect and mite species, crops affected, economic losses caused by AISs and actions taken in AIS management in Africa. We focused the database search on the Global Invasive Species Database (GISD: http:// www.iucngisd.org/gisd/), the CABI Invasive Species Compendium (CABI ISC: http://www.cabi.org/isc/) and the European and Mediterranean Plant Protection Organization (EPPO) global database (http://www.eppo.int/DATABASES/ pqr/pqr.htm). We then identified journal articles, book chapters, and other peer-reviewed publications through a comprehensive search using Google Scholar, the Web of Science and Scopus. We used the following combinations of keywords in our search: invasive alien species*Africa, invasive alien*insect*Africa and invasive alien*mites*Africa. We followed the definition of AIS used in the convention on biodiversity (CBD) and the International Plant Protection Convention (IPPC). According to the CBD (https://www. cbd.int/invasive/) AIS are defined as species whose introduction and/or spread outside their natural past or present distribution threatens ecosystems, habitats or species. The IPPC (https://www.ippc.int/en/) definition of a quarantine pest covers much (but not all) of what is considered as AIS under the CBD (Lopian 2003) . Thus quarantine pests constitute a subset of AIS, which are plant pests.
A large number of AISs (including amphibians, arthropods, birds, fish, mammals, reptiles, and aquatic and terrestrial plant species) have been reported in many African countries (Supplementary Table S1 ). For brevity, we focused our analysis on animal crop pests (specifically, insects and mites) originating from outside Africa and confirmed to be AIS in the GISD and CABI ISC. We did not include species that affect food production indirectly through loss of agricultural land, reduction of forage yields or animal health.
We extracted current information regarding countries where the species were reported and the crops affected from the GISD, CABI ISC and EPPO global database. We then extracted annual yield loss estimates (means and lower and upper bounds) for each AIS from peer reviewed publications; we did not include estimates from non-peer reviewed sources. The term Byield loss^here refers to the biomass of edible produce lost (either in the field or in storage), which is directly measurable in quantitative terms; crop loss, on the other hand, encompasses quantitative and qualitative losses (Savary et al. 2006) . For clarity, we make distinctions between loss estimates at the farm level and national level. Farm level estimates represent crop losses on farms in affected areas, while national level estimates represent the percentage of total national production lost and its monetary value. In most of the literature we reviewed, these values were estimated using published data on the latest distribution of the pest species, average national crop production and farm gate prices during the study period.
We also extracted projections of future distributions of AIS from published sources where model projections have been reported. Model projections are always associated with some uncertainty . Therefore, we extracted projections from one or more models (if available) in an attempt to provide a more balanced picture of the future invasion risk. In order to determine the degree to which a country's legislation facilitates AIS management, we compiled information on whether or not a country has ratified the relevant conventions from the CBD and IPPC websites, and legislation relevant to AIS from the ECOLEX (2018) database (https://www.ecolex. org/). We then assigned relevance scores to each legislation based on its degree of focus on IAS with slight modification of the scoring used in Turbelin et al. (2017) as follows: 0 = No legislation relevant to AIS available; 1 = Legislation mentions AIS without any proposed action; 2 = Legislation mentions AIS with expression of action or potential for action, setting the stage for future procedures; 3 = Legislation provides for prevention, control or management of IAS in general terms; 4 = Legislation provides a section dedicated to prevention, control or management of multiple AIS; 5 = Legislation specifically designed to prevent, control or manage of AIS with specific biosecurity measures, and providing a list of AIS. Relevance scores 0-4 are similar to Turbelin et al. (2017) , while score 5 was added to account for countries that have developed biosecurity policies. We also compiled information on actions that contribute to a country's capacity to deal with AIS threats from the supplementary materials in Early et al. (2016) .
Recent reports suggest that AIS management efforts and knowledge about the extent of invasions are correlated with human development, capacity and GDP of a country (Early et al. 2016) . Therefore, we compiled the inequality adjusted human development index (IHDI) and the global hunger index (GHI) from the 2016 Human Development Report (UNDP 2016) and the 2017 Global Hunger Index reports, respectively. In addition, we extracted the Africa Capacity Index (ACI) from the ACI 2014 report, and the total invasion cost normalized by the country's GDP (TICGDP) from the supplementary material in Paini et al. (2016) . We then conducted an analysis of Spearman's rank correlations to assess the association between the number of AIS on one hand, and ACI, GHI, IHDI and TICGDP on the other hand.
Synthesis and discussions
The review identified a total of 16 alien insect and mite species threatening the major categories of food crops including cereals, fruits, root and tuber crops, vegetables and other horticultural crops in Africa (Table 1; Supplementary Table S2 ). The number of AIS incursions into Africa has increased since the 1970s (Fig. 1) . Since 1930, Kenya, Nigeria, Uganda, Tanzania, Sudan and Benin have been invaded by 10-13 species, while Djibouti had no reported AISs affecting food crops (Fig. 2) . The number of AIS was positively correlated with the inequality adjusted human development index (r = 0.526; P < 0.001; N = 44) (Table 2) indicating that economically more developed African countries are, in general, affected by more AIS than less developed countries or have better facilities for their detection. This finding is in agreement with Early et al. (2016) who found that the highest numbers of IAS in the world are found in economically developed countries. The total invasion cost (TICGDP) was positively correlated with the number of AIS (r = 0.695; P < 0.001; N = 23) indicating that the economic impact of AISs is greater in countries invaded by larger numbers of AISs (Table 2 ). In the following sections we briefly review AISs according to the category of food crops affected, the main routes of invasion and challenges to AIS management.
Categories of food crops affected

Cereal crops
Cereals are the staple crop in most parts of Africa, playing a critical role in food security of the continent. Besides the common cereals such as maize, a number of African indigenous crops such as sorghum (Sorghum bicolor), finger millet (Eleusine coracana), pearl millet (Pennistum glaucum) and hunger rice (Digitaria exilis) have high food security value in Africa (Tadele and Assefa 2012) . We identified Chilo partelus, Spodoptera frugiperda, and Prostephanus truncatus as the most important AISs affecting cereal crops in Africa.
Chilo partelus (Spotted stem borer), a pest originating in Asia, became established in East Africa in the 1950s, and became the most serious pest of maize and sorghum (Yonow et al. 2017a ) across 18 African countries (Table 1,  Supplementary Table S1 ). Until recently, this pest was restricted to the low and mid altitudes in eastern and southern Africa (Mwalusepo et al. 2015; Ong'amo et al. 2006 ), but its range has recently expanded into higher altitude areas (Mutamiswa et al. 2018; Yonow et al. 2017a ). Various models presented in Mutamiswa et al. (2018) , Mwalusepo et al. (2015) and Yonow et al. (2017a) also predict expansion of its geographical range to higher altitudes with future changes in climate in eastern and southern Africa, central Africa and much of western Africa. Climate models also predict potential increases in the number of generations in most countries in east and southern Africa (Mwalusepo et al. 2015) . At the farm level, yield losses due to the spotted stem borer have been estimated at 0-25% in maize in Kenya (Table 1) . At national levels, the proportion of the potential maize harvest lost has been estimated to range between 2 and 33% in Ethiopia, Malawi and Tanzania (Table 1 ). Model predictions suggest that losses will increase by 5-7% by the year 2055 in East Africa (Mwalusepo et al. 2015) . Pratt et al. (2017) estimated the current economic impacts of the spotted stem borer in East Africa: the current annual national production loss from maize alone was estimated at US$ 61-73 million in Ethiopia, US$ 43-51 million in Kenya, US$ 104-139 million in Malawi, US$ 30-42 million in Tanzania and US$ 119-144 million in Uganda . The pest also damages sorghum, finger millet, pearl millet, rice, wheat and sugar cane, but estimates of yield losses and national production losses are lacking for these crops across Africa.
The Fall armyworm (Spodoptera frugiperda) is a species native to South America, which was first detected in Africa in 2016 (Goergen et al. 2016) . By the end of 2017, the fall armyworm had been confirmed in 43 African countries (Table 1,  Supplementary Table S1 ). Its host range covers over 100 plant species in 27 families globally (CABI 2018), but in Africa maize, millet, sorghum and sugar cane are its main hosts (Supplementary Table S1 ). Given its wide host range, high capacity to spread (flying up to 100 km per night), high reproductive capacity, and absence of diapause, this pest is predicted to expand its range rapidly and colonize most of tropical Africa (Goergen et al. 2016 ). According to projections of its future distribution, West Africa, southern Africa and Madagascar are predicted to be severely affected. Based on household surveys, Day et al. (2017) estimated mean national production losses in maize in excess of 22% in Ghana and Zambia (Table 1) . Day et al. (2017) further estimated the potential impacts on national production and revenue in 10 other major maize-producing countries assuming that the insect will spread throughout all areas where it is predicted to survive. Accordingly, in the absence of control methods, the economic value of annual losses was estimated at US$ 2.5-6.3 billion in just 12 maize producing African countries (Day et al. 2017) .
Prostephanus truncatus (Larger grain borer), a native of South and Central America (Matthews and Brand 2004) , was first detected in Tanzania in the late 1970s. Its first outbreak in West Africa occurred in Togo in 1984, and now the pest occurs in 17 countries in Africa (Table 1, Supplementary  Table S1 ). The larger grain borer is a particularly destructive pest of stored maize and dried cassava ( Table 1) . The likely economic impact of this pest in Ghana has been estimated at $US15 million at 1995 values (Boxall 2002) . In addition to maize and cassava, the larger grain borer damages other cereals, legumes, dried roots, tubers, cocoa, coffee beans, wood and wood products (Supplementary Table S1 ). Grain trade is responsible for the widespread occurrence of this pest (Wise et al. 2007 ).
Fruit crops
Exotic and indigenous fruits play an important role in food and nutrition in Africa (Akinnefesi et al. 2008) . Among the exotic fruits, banana (Musa spp.), mango (Mangifera indica), citrus (Citrus spp.), avocado (Persea americana) and papaya (Carica papaya) are cultivated across much of Africa. The continent is also endowed with a large number of indigenous tree species that bear edible fruits, which play vital roles in food and nutritional security, especially during periods of famine and food scarcity (Akinnefesi et al. 2008 ). This review identified Bactrocera dorsalis, Bactrocera cucurbitae, Bactrocera zonata, Bactrocera latifrons and Rastrococcus invadens as the main AIS affecting fruit production in Africa. The Oriental fruit fly, Bactrocera dorsalis (formerly Bacterocera invadens), is a native of Sri Lanka (De Meyer et al. 2014; Schutze et al. 2015) , and was first reported in Africa from Kenya in 2003 (De Meyer et al. 2014 ) but its presence has now been confirmed in 41 countries across Africa (Table 1; Supplementary Table S1 ). Until recently, B. invadens and B. dorsalis were considered as two separate biological species. Using integrative molecular and morphological studies, Schutze et al. (2015) have established that the two represent a single biological species, and B. invadens is now a synonym of B. dorsalis. Adult flight and transport of infested fruits have been the major means of spread of the Oriental Fruit Fly across regions (CABI 2018). With future climate change, the Asian fruit fly is predicted to expand its range and occur in higher abundance in all East African highlands and southern Africa (Goergen et al. 2011) , but its range is predicted to decline in West Africa and coastal eastern and southern Africa (Goergen et al. 2011) . Although reliable yield loss estimates are lacking in many countries, locally fruit losses can be as high as 100% of unprotected fruit (Cugala et al. 2013) . The rapid spread of the Asian fruit fly across the continent has also resulted in loss of export opportunities for fruits in several countries. For example, exports of mango, avocado and cucurbits from Kenya, Tanzania and Uganda are banned in the Seychelles, Mauritius and South Africa. The fruit industry in Kenya loses up to US$ 4.8 million annually in potential earnings due to export restrictions of fruits and vegetables to South Africa.
Bactrocera cucurbitae (Cucurbit fruit fly) is an Asian species that invaded East Africa in the 1930s (De Meyer et al. 2014) . The pest was believed to be restricted to eastern Africa for several decades (White 2006) , but its presence has now been confirmed in 21 countries across Africa (Table 1;  Supplementary Table 1 ). The Cucurbit Fruit Fly attacks over 30 plant species in 8 families in Africa although its primary hosts belong to the cucumber family (CABI 2018) . This species mainly spreads through adult flight and the transport of infected fruits in cargo and air travel. At present, there is a dearth of information on the level of crop losses due to this pest in the countries where it occurs.
Bactrocera zonata (Peach fruit fly) is a native species of tropical Asia, which was recorded in Mauritius in 1942 (CABI 2018), and was until recently restricted to Egypt, Libya, Mauritius and Réunion (De Meyer et al. 2014) . Its recent occurrence in Sudan suggests a southward spread and potential range expansion in Africa (De Meyer et al. 2014 ). This species spreads through adult flight and the transport of infected fruits in cargo and air travel. It attacks a wide range of plants (Supplementary Table S1 ) but its major hosts in Africa are peach, guava and mango (De Meyer et al. 2014) . Information on crop losses in the countries where it occurs is lacking.
Rastrococcus invadens (Mango mealy bug) is a species native to the Indian subcontinent. This pest was first recorded in Benin in 1980, and spread rapidly throughout West Africa and East Africa (Neuenschwander 2010) . It now occurs in 10 African countries (Table 1; Supplementary Table S1 ). While its primary host is mango, it has also been recorded on over 100 plant species in Africa. In severely affected areas, mango production was reduced by 89-100% (Bokonon-Ganta et al. 2002) . The major cause of spread in West Africa has been human transport of seedlings from nurseries. Although this pest is now well-established, information is scanty on crop losses in the countries where it occurs.
Root and tuber crops
Root and tuber crops such as cassava (Manihot esculenta), potato (Solanum tuberosum) and sweet potato (Ipomoea batatas) play a critical role in food security and incomes in many parts of Africa (Bennett 2015) . Cassava is Africa's most important food source among the root crops, and is second only to maize in terms of per-capita calories consumed (Bennett 2015) . The review identified four AIS, namely Mononychellus progresivus, Phenacoccus manihoti, Aleurodicus dispersus and Spodoptera eridania affecting cassava production in Africa. The Cassava green spider mite, (Mononychellus progresivus) originates from South America (Mutisya et al. 2016; Neuenschwander 2010) . The first record of its introduction to Africa came from Uganda in 1970 (Gutierrez 1987) , but its presence is now confirmed in 28 countries throughout the African BCassava Belt^ (Supplementary Table S1 ). Earlier taxonomic work by Gutierrez (1987) and recent molecular analysis (Mutisya et al. 2016 ) has provided evidence that the different populations in Africa belong to a single biological species now designated as Mononychellus progresivus. This species has been reported to cause 30-50% yield loss locally (Matthews and Brand 2004) , but reliable data on national level production losses are lacking. The mites spread mainly through infested plant materials over long distances. There is a dearth of information on the yield losses it currently causes in the affected countries.
The Cassava mealybug (Phenacoccus manihoti), is also native to South America, and was accidentally introduced into Zaire in 1973 (Neuenschwander 2010) . Its presence is now Yonow et al. (2017b) conclude that the suitable climatic range of the mealybug exceeds the known extent of cassava cultivation. If cassava production were to expand, a much larger area would be at risk of attack especially in central Africa, large tracts of Ethiopia, Kenya, Somalia, Namibia, Botswana and South Africa (Yonow et al. 2017b ). Reliable estimates of yield losses are lacking in the countries affected by this species. The Spiralling whitefly (Aleurodicus dispersus) is a native of Central America and the Caribbean region. It was first recorded in Nigeria in 1992, and then rapidly invaded neighbouring Togo and Benin. Its presence has now been confirmed in 16 countries across Africa (Table 1;  Supplementary Table S1 ). This species has been recorded on over 100 plant species in 27 families (CABI 2018) but its most important host in Africa is cassava although it also attacks fruit trees, vegetable crops and ornamentals (Supplementary Table S1 ). Its spread is often aided by plant trade and air travel with viable plant materials such as fruits. The spiralling whitefly is also involved in the transmission of more than 25 viral diseases (CABI 2018). However, information on losses caused by this pest is virtually lacking in affected countries.
The Southern armyworm (Spodoptera eridania) is native from the Americas. The first record of this pest in Africa came from cassava fields in south-eastern Nigeria in 2016, but its presence is also confirmed in Bénin, Cameroon and Gabon (Goergen 2018) . This is a highly polyphagous insect feeding on more than 200 species belonging to 58 plant families globally (CABI 2018). In Africa, it has been found damaging cassava, as well as tomato, amaranth, and maize (Goergen 2018) . Since this is a very recent introduction, little is known about its extent of invasion and crop losses in the affected countries.
Vegetables and other horticultural crops
Vegetables are an important source of carbohydrates and of essential nutrients, while horticultural crops provide badly needed income to households in Africa (Ojiewo et al. 2015) . In this review, a wide variety of crops including legumes used as horticultural crops (e.g. green beans, snow pea, etc.) have been included due to the similarity of the AIS that affect them. Accordingly, the review identified Tuta absoluta, Liriomyza trifolii, Liriomyza huidobrensis, Liriomyza sativae and Frankliniella occidentalis as the important AIS affecting vegetables and horticultural crops across Africa.
Tuta absoluta (Tomato leaf miner) is a moth native to South America (Campos et al. 2014) , and is now recognized as a major threat to tomato production globally. It was first record in North Africa in 2008 (Guedes and Siqueira 2012; Tonnang et al. 2015) , but its presence has now been confirmed in 19 countries in Africa (Table 1; Supplementary Table S1 ). According to various analyses (Guimapi et al. 2016; Tonnang et al. 2015) using climate suitability models, its range is projected to expand in tropical Africa. The number of generations per year is also expected to increase under future climate changes. In addition to tomato, it attacks other crops and various weeds in the family Solanaceae (Supplementary Table S1 ). Crop losses of up to 100% have been reported from countries invaded by tomato leaf miner ), but national level production losses are available only from East Africa (Table 1) . Pratt et al. (2017) estimated the current economic impacts of this pest in East Africa using published data on its latest distribution, average crop production and farm gate prices at US$ 2.6-2.9 million in Ethiopia, US$ 45.9-52.4 million in Kenya, US$ 20.4-23.2 (Scheffer 2000; Scheffer and Lewis 2005) . Liriomyza trifolii, was reported to have been first introduced to Kenya in 1976 with contaminated cuttings of chrysanthemums from Florida (CABI 2018), and it is now confirmed present in 17 African countries (Table 1;  Supplementary Table S1 ). Similarly, Liriomyza huidobrensis was first reported in 1990 in Réunion and has now been confirmed in six African countries (CABI 2018) . Although the exact time of invasion of Africa by Liriomyza sativae is unknown, it has been confirmed in six countries across Africa (Table 1; Supplementary Table S1 ). All three species have been reported to attack a variety of vegetables and horticultural crops in Africa (Supplementary Table S1 ). In Kenya L. trifolii had significant impacts on ornamental and vegetable crops, with heavy infestations resulting in closures of many flower farms, loss of export opportunities and jobs (Foba et al. 2015) . The current annual production loss due to Liriomyza species from beans and peas alone was estimated at US$ 54-65 million in Kenya, US$ 50-59 million in Tanzania and US$ 21-25 million in Uganda .
Frankliniella occidentalis (Western flower thrips) originates from North America (Kirk and Terry 2003) . Following intensive insecticide use in horticulture in the 1970-80s, insecticide resistant strains established in glasshouses across North America and spread from there to the rest of the world (Kirk and Terry 2003) . The first report of its invasion of Africa was in South Africa in 1987 (CABI 2018), but its presence has now been confirmed in nine countries (Table 1;  Supplementary Table S2 ). This species is known to feed on at least 250 plant species in over 65 families. It spreads predominantly through the movement of horticultural material, such as cuttings, seedlings and potted plants (Kirk and Terry 2003) . It causes direct damage to crops through feeding and indirectly through the transmission of plant viruses including Tomato spotted wilt virus and Tomato chlorotic spot virus. In Kenya, Western flower thrips cause losses of up to 40% on French beans at farm level due to flower abortion and a further 20% rejection at collection points due to blemishes on pods destined for export markets (Nderitu et al. 2008 ).
Main routes of invasion
Movement of plant materials, through international trade, air travel, and food aid are the main routs of AIS incursions in Africa. The increase in AIS invasions is facilitated by increased global trade (Early et al. 2016; Paini et al. 2016 ) and movement of plant materials for the horticultural industry. The large number of AIS in Kenya might for instance be associated with the strong horticultural industry of this country. Over the last two decades, agricultural imports into sub-Saharan Africa (SSA) have also been increasing at an average of 13% annually (USDA 2015) . For example, the value of food imports has increased from US$ 7 billion in 2001 to over US$ 48.5 billion in 2015 (USDA 2015). Food imports are projected to increase in the coming decades due to the expanding middle class in most African countries (USDA 2015) . South Africa, Nigeria, Benin, Ghana, and Kenya are the top food importers, and this is probably why most of these countries have experienced high AIS incursions (Fig. 2) . Some of these countries also serve as strategic transshipment points. For example, Benin and Kenya serves as a shipment point to the landlocked West African and East African nations (USDA 2015). As trade volumes increase and more trade connections are made among countries, the pressures from AIS is likely to intensify (Paini et al. 2016 ). In addition, introduction of AIS through passenger air travel is well-documented (Easy et al. 2016) . Lack of public awareness of AIS threats may facilitate their spread in Africa through, e.g., the smuggling of fruit in airline passenger baggage (CABI 2018) .
Countries where food shortage is frequent are prone to receiving large quantities of food aid, increasing the chance of accidental introduction of AIS. These countries also often have limited capacity to deal with AIS as suggested by the negative correlation (r = −0.640; P < 0.001; N = 40) between the global hunger index and the human development index ( Table 2) . Spread of insects and mites across borders and within countries can be favoured by increased movement of planting materials. Reports suggest for instance that the cassava green mite was accidentally introduced into Africa with improved cassava planting materials from South America (Mutisya et al. 2016 ).
Challenges to AIS management
This review points at (1) the lack of capacity, (2) the absence of regulatory frameworks and proactive policies, and (3) climate change, as the main challenges to the management of AIS in Africa. Limited national and regional phytosanitary capacity has been cited as one of the factors contributing to the rapid spread of AIS (Waage et al. 2009 ). Only 33.3% of African countries have comprehensive management strategies for currently problematic AIS, while only 16.7% have border control and inspection procedures in place (Table 3) . Of these, only three countries have comprehensive border control, while the remaining countries have limited control focusing on a few taxa or a few border locations (Table 3) . While biosecurity measures (sensu Meyerson et al. 2002) and legislation are necessary for an effective response to AIS incursions, these are lacking in over 94% of the countries. Only Mozambique, Seychelles and South Africa have stand-alone biosecurity acts to manage AIS (Supplementary Table S4) .
Although 47 out of the 54 African countries have ratified the CBD, legislation relevant to AIS management (including biosecurity acts) is available only in 37% of the countries (Table 3; Supplementary Table S3) . With relevance scores lower than 3, current legislation in most African countries are under-equipped to address the threats from AIS (Supplementary Table S3 ). Within the existing legislative frameworks (i.e. mostly CBD), AIS are treated as environmental issues (Supplementary Table S3 ). Except Angola and Somalia, all the African countries are parties to the IPPC. However, the IPPC and the Sanitary and Phytosanitary (SPS) agreement of the World Trade Organization mainly focus on trade barriers related to SPS. Due to the difference in the mandates among the institutions that implement CBD and SPS, the question of AIS is seldom addressed in a coordinated manner. In the majority of countries, AIS management is focussed on reactive policies and actions at the national level. Reactive policies aim at managing AIS that are already established, while proactive policies aim to detect or counteract AIS (Table 3 ; Early et al. 2016) .
The capacity of a country to mitigate the impact of AIS is associated with GDP (Paini et al. 2016) . There is chronic under-investment on research and development in the national plant protection programs in many African countries. Only 17% of the countries covered in this review have research programs targeting management of AIS (Table 3) . A country's capacity to plan and implement policies and actions also depends on human development and capacity. According to the African Capacity index, Sao Tome and Principe, Comoros, Central African Republic, South Sudan, Swaziland, GuineaBissau, Congo DR and Djibouti have low (<50) capacity indices for agricultural transformation (ACBF 2014). However, the ACI was not significantly correlated with either the number of AIS that affect crops or the total number of all AIS (Table 2 ). This suggests that AIS can invade a country regardless of the in-country human and financial capacity. Even where capacity and SPS systems exist, prevention of AIS incursions is often constrained by the lack of coordination between the regulatory institutions mandated for CBD and IPPC. Weak legal framework, poor legislation enforcement, and low investment in biosecurity increase the vulnerability of countries to AIS. Fragmented and under-resourced efforts will continue to make Africa vulnerable to invasions as movement of people and goods increase. This will severely limit the realization of the full potential of the agriculture sector as a critical component towards achieving the goals of continental development and transformation.
The examples reviewed here suggest ongoing range expansion (latitudinal and high-elevation) and changes in the number of generations with predicted changes in climate. Subtle changes in climate may also affect the phenology of host plants and the incidence of vector-borne plant diseases (Anderson et al. 2004) . These challenges require a concerted and well-coordinated pan-African action for combating AIS.
4 Towards a strategy for a pan-African response to AIS AIS do not recognise national boundaries and can spread very rapidly across the entire continent within a short time as illustrated by the recent invasions of the Fall army worm and of the Tomato leaf miner. Therefore, effective management of AIS requires a well-coordinated multinational collaboration within an enabling policy framework (Day et al. 2017) . This is particularly urgent given the recent drive towards the Africa Continental Free Trade Area (AfCFTA), an agreement which has already been signed by 49 out of 55 African countries. There is also a move to set in motion a liberalized continental free trade, and to address non-tariff barriers such as SPS (Viljoen 2018) . On the other hand, current AIS management approaches are uncoordinated across regions and between countries, with inadequate SPS measures, poorly controlled spread pathways and cross-border movement of materials, absence of early detection and rapid response eradication measures and a general lack of knowledge of AIS impacts . Therefore, we propose the development of a panAfrican strategy to address the challenges posed by AIS at the continental, regional and national levels in a holistic manner.
Establishment of a pan-African coordination mechanism
The jurisdiction over AIS management is limited to individual countries within the current framework of the CBD and IPPC. As a result, isolated efforts are being implemented. A panAfrican coordination body can create a more conducive regulatory and policy environment, elicit international collaboration for harmonization of SPS measures, and effective coordination of national SPS structures within and across the regional economic communities. The coordinating body, preferably operating within the African Union, will be better positioned to foster policy directives at the highest level, support development of appropriate regulatory frameworks and codes of practice for harmonized surveillance, early warning, areawide suppression and eradication. Formation of a common mechanism for management of AIS could also contribute to realising the aspirations of Agenda 2063, the Malabo Declaration and the Africa Continental Free Trade Area.
At the regional level, establishment of centres of excellence (e.g. an entity similar to the IGAD Climate Prediction and Application Centre) on AIS is envisaged as one of the key components of this strategy. At the core of its operation, the regional centre of excellence could develop a detailed pest information system harnessing the power of social media and mobile technology. The centres of excellence could also champion development and harmonization of regional strategies based on experience from existing initiatives.
Strengthening regional competencies
As regional market integration increases, trade barriers posed by AIS need to be overcome to facilitate cross-border trade. This requires development of SPS capacity across countries and training on rapid diagnostic methods to reduce the chances of AIS crossing national boundaries undetected. Core capacity building in pest risk analysis, monitoring and surveillance, early warning, rapid diagnostic tools, inspections and emergency preparedness should be treated as priority areas in the strategy.
Strengthening national AIS management programs
AIS management programmes must be strengthened at the national level. A key step in this regard should include implementation of biosecurity measures in a cross-sectoral and co-ordinated manner within a country. In many African countries biosecurity policies and measures do not exist (Table 3) . Even where such policies exist, pre-border and post-border biosecurity activities operate in isolation from the conventional crop protection activities. There is a need for creating linkages and synergies between these activities, as well as for robust research and development, including biocontrol, resistance breeding and agronomy. The current research and development efforts are fortuitous, and often championed by international research institutions. Such efforts need to be financially supported by African governments as integral parts of national plant protection efforts.
Improved public awareness of potential AIS threats and likely introduction pathways must be part of proactive management plans. A well-informed travelling public is more likely to appreciate the need for preventive checks and abide by regulations. Therefore, increasing access to information, in the form of notices displayed at entry points, or alerts in inflight magazines and other media can be important components of AIS management.
At the local level, eradication requires proactive capacities that support monitoring for early detection of nascent invasions, as well as rapid response to newly discovered populations. A crucial solution to AIS management at the local level is to increase investment in extension services. The existing plant protection research and extension services also need to be integrated into a coherent system for surveillance, detection and eradication in farmers' fields. The success of these interventions, however, will depend on strong coordination and a clear chain of responsibility among stakeholders.
Conclusion
Animal AISs threaten production of all categories of food crops in Africa, and their impacts include crop loss as well as loss of market access. These AIS threats are likely to increase due to expansion of the geographic range of existing invasions aided by climate change. We note information gaps on crop loss estimates and on the management of most AIS in the countries where they occur. Very few studies provide estimates of yield losses at the farm level or the production lost at the national level. Even where they exist, such estimates do not take into account losses that can occur on the entire range of crops affected by a given AIS. Qualitative losses must be addressed in fruits and vegetables, where quality is very important. Yet, qualitative loss estimates were lacking for all the animal AISs considered here. We summarised historical data on crop loss estimates; inevitably, some of the figures are based on very variable, sometimes incomplete, evidence, and are expected to be affected by large uncertainties. Nevertheless, our estimates arrive at combined losses in excess of US$ 1 billion annually across Africa. This is a very conservative estimate considering the rapid spread of some of the AIS and the reported high level of crop damage locally. While AISs pose a clear and present threat to the already tenuous food situation, many African countries are poorly prepared to manage AIS incursions. The strategy proposed here aims at providing a broad set of steps to be taken for managing AIS at the continental, regional and national levels.
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